Results of an experimental and analytical evaluation of damage progression in three stitched composite plates containing an angled central notch and subjected to compression loading are presented. Parametric studies were conducted s)'stematicall) to identify the relative effects of the material strength parameters on damage initiation and growth.
Introduction
oriented at an angle f_ to the direction of the applied axial compression load was machined at the center of each plate. The values of a considered in the present study are 45°, 60°, and 90°. The plates containing notches of these orientations will be referred to herein as P-45, P-60, and P-90. The nominal thickness of the panels is 0.55 inches.
The nominal material properties and ply thickness fraction of each ply orientation R)r the material used in the test plates is presented in Table 1. 12.0 in. A photograph of the test set-up for plate P-90 is given in Fig. 2(a) . 
An_lysi_ Procedure
The progressive failure analysis methodolog 3 of Ref. 
Fiber-matrix shearing failure occurs due to a combination of fiber compression and matrix shearing. The failure criterion has the form:
The ply strengths for eachply orientationare presented in Table 2 . The strengths reported in this Table 4. 12.0 in. 
Results and Discussion
Results from the compression tests and analyses of the three notched composite plates are described in this section.
A discussion of the effects of the scale factors described previousl) is presented. 
Panel P-90
The reaction force for plate P-90 is shown as a function of the applied end-shortening displacement in The value of FAM for the analyses used to obtain these results was 1.0 (i.e., nominal values used lk)r the matrix strengths), while the values of the stitching scale factor SF and the fiber-buckling-strength reduction scale factor FBFA were 1.7 and 0.1, respectively. The results shown in Fig. 6 indicate that optimal correlation is obtained for a value FAF = 1.52.
This result for the optimal value of FAF is consistent with the results shown in Fig. 7 . The values of strain at the location of strain gage 12 (see Fig. 2(b) ) are shown in this figure as a function of the applied end-shortening displacement.
Gage 12 was selected because it is not in the damage path, and would therefore provide information throughout the entire loading of the plate.
Results obtained using a value of FAF = 1.52 provides excellent correlation with the experimental results, as shown in Fig. 7 . Note that the analytical results capture the sudden decrease in strain at gage 12 as the damage front approaches its location. These results indicate that the in situ value of the fiber buckling strength is 1.52 times the nominal value. A value of 1.52 will therefore be used for all subsequent analyses of plate P-90. This value of FAF is consistent with those reported by Lessard et al) (I .79) and D,'ivila et al.4(I.25 -1.60). . Axial strains at strain t-°aoe_, 12 location for plate P-90 (see Fig. 2(b) ).
The reaction force for plate P-90 is shown as a function of the applied end-shortening displacement in Fig. 8 The optimal value of the stitch factor SF is consistent with the results shown in Fig. 9 . The values of strain at the location of strain gage 12 tsee Fig. 2(b) ) are shown in this figure as a function of the applied end-shortening displacement.
As shown in Fig. 7 , the predicted strains obtained usin,,_, a xalue of SF = 1.7 provide excellent correlation with the measured strains. Note that the analytical results for vales of SF of 1.6 and 1.7 capture the sudden decrease in strain at _.oaoe_12 as the damage front approaches its location. However, better overall correlation with the final failure load is obtained by using SF = 1.7. These results indicate that the effect of the stitching on the local in situ value of the fiber buckling strength in the 0-degree plies is to increase the nominal value by 70 percent compared to the unstitched material. Note that the factor SF is applied in addition to the factor FAF only fl_r the 0-degree plies in the locations that correspond to the stitch locations. A value of SF = 1.7 will be used for all subsequent analyses of plate P-90.
The reaction force for plate P-90 is shown as a function of the applied end-shortening displacement in Fig. 10 for three values of the fiber-buckling-strength reduction scale factor FBFA.
This scale factor is used to reduce the fiber buckling strength in the presence of matrix failure. The value of FAF for the analyses used to obtain thesc rcsults was 1.52, while the values of FAM and SF were 1.0 and 1.7, respectively. The reaction force for plate P-90 is shown in Fig. 12 as a ftmction of the applied end-shortening displacement The results for the location of strain -a,,e 12 that are presented in Fig. 13 Fig. 2(b) ).
The four strain gages whose results are shown in Fig.  14 were placed on plate P-90 in the vicinit) of the notch tip to monitor the growth of the damage zone. The locations of these gages are shown in Fig. 2(b) . Gages G25 and G28 are in the path of the damage.
(;ages GI2
and G I3 are not in the damage path, but gage G13 is in the load path of gage G28. The experimental results shown in Fig. 14(a) indicate that damage initiation occurred at an applied end shortening displacement of 0.032 in (point A in Fig. 14(a) ). The results shown in this figure indicate that the damage zone grew into the areaof gage G25, asevidenced bythelargechange in the measured strainvalue. This damage growthis confirmed bythedatafromgage GI2,which indicates a redtiction in theloadasa consequence of thedamage propagation. Small increases in negative strains arealso notedin gages G28 andGI3. indicatingthatload redistribution hasoccurred.No furtherdamage is measured until an endshortening displacement of 0.0478inches (pointB in Fig. 14(a) ), whendamage gro_vth is indicated againthrough a largechange in measured strain atgages GI3 andG28.Final failure of the panel occurssoonafterthispointat a valueof applied endshortening of0.0491 inches andanapplied load of 145.2 kips. 13, 25, and 28 for plate P-90 (see Fig. 2(b) ). Fig. 2(b) .
The finite element analysis results shown in Fig.  14(b) have the same characteristics as the test results sho_vn in Fig. 14 figure, the value of FAM for the analyses used to obtain these results was !.5, while the values of SF and FBFA were 1.7 and 0.1, respectively. The results shm_n in Fig. 17 indicate that optimal correlation is obtained for a value FAF equal to 1.8. Due to a data acquisition system error, no experimental data is available for axial compression loads greater than 139 kips or applied end shortening displacements greater than 0.043 in.
However, the final failure load of plate P-60 was 155 kips. This data point is indicated in Fig. 17 by linearly extrapolating the experimental results to a value of 155
kips. ]'his extrapolation is considered to reasonable since the amount of progressive damage growth prior to failure of the panel was small.
This result for the optimal value of FAF is consistent with the results shown in Fig. 18 . The values of strain at the location of strain gage 13 (see Fig. 19 ) are shown in this figure as a function of the applied end-shortening displacement.
As shown in Fig. 18 , the results obtained using a value of FAF = 1.8 provide excellent correlation with the experimental results.
Note that the analytical results capture the sudden change in the strain reading at gage 13 as the damage front approaches its location. These results indicate that the in situ value of the fiber buckling allowable is !.8 times the nominal value. A value of 1.8 will therefore be used for all subsequent analyses of plate P-60. Fig . 18 . Axial strains at strain _--t-°a°e 13 location for plate P-60 (see Fig. 19 ).
.L_-. I The reaction force for plate P-60 is shown as a function of the applied end-shortening displacement in Fig. 20 for three values of the scale factor FAM. Except where noted in the figure, the value of FAF for the analyses used to obtain these results were 1.7, while the values of SF and FBFA were 1.7 and 0.1, respectively.
The results shown in Fig. 20 indicate that changing the value of FAM from 1.0 to 1.25 has a large effect on the results. However, the effect of changing FAM from 1.25 to 1.5 is negligible.
The correlation between the analytical and experimental results for values of FAM of 1.25 and 1.5 is excellent.
Thc values of strain at the location of strain gage 13 (see Fig. 19 ) are shown in Fig. 21 as a . Axial strains at strain gage 13 location for plate I)-60 (see Fig. 19 ). prediction of damage initiation at this location. However, the fiber-buckling-strength scale factor FAF is considered to be the dominant parameter since a change in this value from 1.7 to 1.8 (5 percent) results in better correlation with the experimental results, as shown in Fig. 21 .
The five strain gages whose results are shmvn in Fig.   22 were placed on plate P-60 in the vicinity of the notch tip to monitor the growth of the damage zone. The locations of these gages are shown in Fig. 19 . Gages GI4, GI3, and G II are in the path of the damage.
Gages G27is in theloadpathof gage GI3 and gage G26 is in the load path of gage G11. The experimental results shown in Fig. 22ta ) indicate that damage initiation occurred at an applied end-shortening displacement of 0.0394 in, (point A in Fig. 22(a) 13, 14, 26 , and 27 for plate I'-60 (see Fig. 19 ). Fig. 22(b) ). This analysis also predicts accurately the maximum value of the reaction force of 161.2 kips at an applied end-shortening displacement of 0.051 inches. The predicted value of reaction force at failure differs from the experimental result by 4.0 percent.
The values of the various scale factors used in the analysis to generate these results were FAF= 1.8, SF= 1.7, FAM= 1.25, and FBFA = 0.1.
Panel P-45
The five strain gages whose results are shown in Fig. 19 ).
Note that the onl) scale factor whose value was changed lk)r the final anabsis of each of the plates was
FAF.
A value of FAF = 1.52 was used for plate P-90, and a value of FAF = 1.8 was used for plates P-60 and t'-45. 
